ABSTRACT. Dissipative particle dynamics (DPD) was carried out to study the nucleation and crystal growth process of CeO2 nanoparticles in different alcohol aqueous solutions. The results showed that the nucleation and crystal growth process of CeO2 can be classified into three stages: nuclei growth, crystal stabilization and crystal aggregation except the initial induction stage, which could be reproduced by collecting simulation results after different simulation time. Properly selecting the sizes of CeO2 and water bead was crucial in the simulation system. The influence of alcohol type and content in solutions, and precipitation temperature on the particle dimension were investigated in detail and compared with the experimental results. The consistency between simulation results and experimental data verify that the simulation can reproduce the macroscopic particle aggregation process. The effect of solvent on the nucleation and crystal growth of CeO2 nanoparticles are different at three stages and can not be simply described by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory or nucleation thermodynamics theory. Our work demonstrated that DPD methods can be applied to study nanoparticle forming process.
INTRODUCTION
In recent years, nanometer-sized particle of cerium dioxide (CeO 2 ) has been widely used in many fields, such as gas sensor, 1 electrode materials for solid oxide fuel cells, 2 catalytic supports for automobile exhaust system, 3 UV absorbent and filters 4 and abrasives of the chemical mechanical polishing slurry, 5 since CeO 2 particle has high stability at high temperature, high hardness and reactivity. 6 Over the past decade, several techniques have been developed to produce the CeO 2 particles, such as: sol-gel process, 7 hydrothermal synthesis, 8 forced hydrolysis, 9 microemulsion, 10 electrochemical synthesis 11 and precipitation. [12] [13] [14] [15] [16] [17] [18] [19] [20] The liquid-phase precipitation method is more attractive among these techniques because the low cost salt precursors, simple operation and ease of mass production.
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In general, the liquid-phase precipitation process includes three stages: chemical reaction, nucleation, and crystal growth. 13 These stages are fast in most cases, but difficult to control and observe in experiments. The dimension of CeO 2 particles formed in water by liquid-phase precipitation is in the range of 10-15 nm from XRD measurement. 17 Some researchers reported that adding low dielectric medium, such as alcohols, to the aqueous solution could alter the thermodynamics of reaction system and nucleation kinetics in nanoparticle forming process, which lead the formation of particle with smaller size. 16, 18, 19, 21 Chen 16 and Li et al. 18, 19 have reported that the particle size of CeO 2 decreased to 8-10 nm by introducing the monohydric alcoholsmethanol (MeOH), ethanol (EtOH), iso-propanol (i-PrOH), tert-butanol (t-BuOH), into the aqueous solutions. The decrease of particle size varied with the type and quantity of alcohols adding into the aqueous solutions, and can be explained by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and nucleation thermodynamics theory for crystal.
Chen et al. 16 found that the particle size of CeO 2 decreases with the increasing of alcohol content in solutions, and the size of particle formed in 67 vol.% alcohol aqueous solutions at 50 ºC decrease as MeOH aq > EtOH aq > i-PrOH aq ≈ t-BuOH aq. The order is directly proportional to the dielectric constant, ε, of solvent. In Li's work, 18, 19 they found the particle size of samples obtained in 75 vol.% alcohol aqueous solutions at 75 ºC decreases in the order: i-PrOH aq > EtOH aq > MeOH aq > t-BuOH aq.
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The order, however, is not proportional to the ε value of solvent. They also found there has a minimum particle size with the increasing of alcohol content in solutions. Their experimental results can not be explained simply by DLVO theory or nucleation thermodynamics theory for crystal. In addition to this, these two experiments are not consistent, which perhaps due to the different initial concentration of reactants and reaction time. It is difficult to measure the forming kinetics for CeO 2 nanoparticle because the formation process is too fast.
In addition to the experimental efforts, computer simulation is a possible way to study the phase separation and particle aggregation. Conesa investigated the structures and relative stabilities of several CeO 2 surfaces and of anion vacancy centers using theoretical molecular mechanics (MM) method. The simulations reproduce the experimental bulk modulus of CeO 2 within ~10% error. 22 Gotte et al. simulated the bulk and (011) surfaces of reduced and unreduced CeO 2 by MD method, and concluded that the main structural change occurring on ceria reduction are the new equilibrium positions for the oxygen ions. 23 Baudin et al. studied the dynamics, structure and energetics of the (111), (011) and (001) surface of CeO 2 by molecular dynamics (MD) simulation method within NPT ensemble. 24 They reported the structure and defects of ceria without considering the forming process of CeO 2 nanoparticle.
For the nanoparticle forming process with solvents and metal-oxide molecules, the DPD method is especially appropriate because it is capable of studying systems containing millions of atoms in the nano-second time domain, and can describe adequately the phase separation process. [25] [26] [27] [28] The method was introduced by Hoogerbrugge and Koelman in 1992. 29 In our previous work, DPD have been used to simulate phase behaviors of EO 20 PO 70 EO 20 (P123) in water, ethanol/water solutions and silica sol.
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The results indicated that DPD simulation method can be used to study the influence of template on the structure of mesoporous material and guide the preparation of mesoporous material. We also applied DPD to investigate the self-assembled aggregation problems of surfactants and a gold nanoparticle system, 30, 31 and found that the major difficulty to reproduce macroscopic experimental phase behavior by the simulation lies on the choosing of bead size and interaction parameters. Although Groot and Warren discussed the DPD method in detail and gave suggestions on the selection of DPD parameters, 32 some fundamental problems still remained unclear. No consistent protocol has been reported to determine these two important parameters.
In this work, the growth of CeO 2 nanoparticle based on the precipitation process was simulated. The nucleation and crystal growth of the particles were investigated by using DPD simulation. The way to define DPD beads were discussed in the simulation section. To be consistent with the experimental works, various alcohol aqueous solutions: MeOH aq, EtOH aq, i-PrOH aq, t-BuOH aq, were used in the simulation. The effects of alcohol type, concentration, and precipitation temperature on the particle dimension were investigated. Our simulation provides a possible tool for the investigation of the nucleation and crystal growth of nanoparticles.
SIMULATION METHOD

Crystal Growth Theory
The growth of crystal is always analyzed by DLVO theory and nucleation thermodynamics theory. Based on the DLVO theory, the interaction potential between particles can be described as,
where, A is Hamker constant; κ is Debye-Hückel parameter; d is the diameter of the particle; ψ is surface potential; ε is dielectric constant of solvents; and V is interactive potential between particles respectively. The first and second term in the equation represent electro-attractive and repulsive interactions respectively. According to this equation, the electrostatic repulsion force between particles would decrease with the decreasing of the ε values of solvents, which leads the particles easy to aggregate and growth. Therefore, within certain concentration range and at certain precipitation temperature, the particle dimension is inversely proportional to the ε values of solvents if the electrostatic repulsion force between particles dominated in the nanoparticle forming process.
On the other hand, the forming of particles strongly depends on the supersaturation of solute according to the nucleation thermodynamic theory, which can be expressed by Kelvin equation,
where S is supersaturation of solute; m is the weight of solute molecule; γ is the interfacial energy between solute and solution phase; ρ is the density of solute; k is the Boltzmann's constant; and T is the Kelvin temperature respectively. Conventionally, S is defined as the ratio of solute
According to Debye-Hückle theory, C l can be expressed as:
16 (4) where ε 0 is the permittivity in vacuum and ε is the dielectric constant in a given solution; r + and r − represent the radius of ions charged z + and z − respectively; and e represents the elementary charge (e = 1.602×10 -19 C). In combination of equations (2), (3) and (4) yields, (5) From this equation, the particle size was directly proportional to the ε value of solvents if the supersaturation of solute controlled the nanoparticle forming process.
Based on the above analysis, a change in ε value of solvent can alter the electrostatic repulsion forces between particles and the supersaturation of solute in the opposite direction.
DPD Theory
The outline of the DPD model here is based on the work by Groot and Warren. 32 Molecules are divided into beads, and the motions of beads are governed by Newton's equations: (6) (7) where , , are the position vector, velocity and total force on the ith bead respectively. The total force exerted on bead i contains three parts. (8) where is the conservative force which describe soft repulsive central force between bead i and j; and are the dissipative and random forces respectively. The significance of these terms is investigated in detail elsewhere.
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To simulate a system, a set of interacting parameters α ij 's between different types of beads must be determined. The DPD simulation should reproduce correct phase behaviors as observed experimentally with these pre-determined parameters. There are several methods suggested in the literature to evaluate interaction parameters. 34 We adopted Monte Carlo method to evaluate the interaction parameters by compromising the accuracy and computation time. The derivation of α AB is based on Flory-Huggins mixing parameter χ AB where the subscript AB denotes type A and B beads, 35 which is related to the mixing energy by (9) The maximum repulsion α AB deduced from this χ AB parameter at a given particle density ρ = N/V, as suggested by Groot and Warren.
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for ρ = 5 (10) for ρ = 3
The α AA term is derived from the compressibility of pure component A (α AA = 75k B T/ρ). 32 All simulations were performed with Cerius2 and Material Studio software packages.
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Determination of Simulation Parameters
To carry out DPD simulation, molecular fragments are usually treated as beads. There is no definitive way to divide the chain molecule into fragments. In the first attempt, the molecules of MeOH, EtOH, i-PrOH, t-BuOH, EG, water and CeO 2 are directly used as beads for DPD simulation. The structures of these molecules were optimized with UNIVERSAL force field (UFF). 37 All atomic partial charges of molecules were obtained from quantum mechanical ZINDO method based on the optimized structures except CeO 2 molecule. The atomic partial charges of CeO 2 molecule was calculated by the Density Functional Theory (DFT) with Gaussian 03 software. 38 The hybrid and correlation functionals B3LYP and SDD potential form was used. The interacting parameter χ AB was calculated by UFF.
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These DPD simulations failed to reproduce aggregation behavior as observed experimentally. This was because the sizes of CeO 2 and water are too much smaller than those of alcohols.
To generate CeO 2 bead with its size comparable to the alcohols, a small CeO 2 cluster with fluorite structure containing two CeO 2 molecules was adopted to represent CeO 2 bead. Similarly, a water cluster with cubic ice crystal
Qi Zhang, Jing Zhong, Bao-Zhu Yang, Wei-Qiu Huang, Ruo-Yu Chen, Jun-Min Liao, Chi-Ruei Gu, and Cheng-Lung Chen structure containing two water molecules was choosing to represent water bead. Table 1 (a) and 1(b) shows the calculated interaction parameters α AB 's of CeO 2 , water bead and various alcohols at 50 and 75 ºC.
All systems were simulated at the particle density ρ = 5. A 3D box of size 30×30×30 DPD units with periodic boundary conditions was adopted in the simulation. The dissipative parameter γ ij was set to a value of 4.5k B T, and the time step ∆t was set as 0.05 according to Ref. 35 . 100,000 time steps were carried out for each system, and the molar ratio of [CeO 2 ]:[solvent] was kept at 0.20. The initial conformations and velocities were random. After comparing many times of simulations, we found the repeatability was good. Therefore, the parameters adopted in our simulation are reasonable and the conclusions are reliable. In additon, this parameterization method has been also used in wide-range systems on DPD simulation, such as: self-assembled aggregation problems of surfactants, 39, 40 gold nanoparticle system, 31 etc., and gives good results.
RESULTS AND DISCUSSION
The particle sizes of CeO 2 formed in different alcohol aqueous solutions and at different simulation time were evaluated and compared with experimental results. The effects of volume content of alcohol in solutions and precipitation temperature on the particle sizes were also investigated.
Growth Process of CeO 2 in Alcohol Aqueous Solutions
Giving in Fig. 1 are snapshots of the CeO 2 particles formed in MeOH aq solutions at different simulation time. The red bead represents the CeO 2 , and the solvent was neglected in all Figures for clarity. The simulation temperature was set at 50 ºC, and 50 vol.% MeOH aq solution was used. The results show that CeO 2 molecules can form spherical aggregated particles at different simulation time. The number of aggregated particles decreased with the increasing of simulation time, but the dimension of particles increased, which reproduced the aggregation process in the precipitation experiments in alcohol aqueous solutions. The relationships of particle dimension and aggregation number are similar in other alcohol aqueous solutions. Fig. 2 shows the dimensions of particles formed in different 50 vol.% alcohol aqueous solutions at 50 ºC. The particle size was calculated by averaging the radial length of particle in x, y and z directions. According to the dimension of molecules defined for DPD beads and the particle density ρ = 5 used in the simulation, a DPD unit is about 0.74 nm. Then the particle size can be transferred from DPD unit into "nm" unit.
The process of CeO 2 particles formed in monohydric alcohols (MeOH, EtOH, i-PrOH, t-BuOH) has been simulated with the increasing simulation time. In the first 10,000 time steps, nuclei had been already formed. Between 10,000 time steps and 30,000 time steps, the dimensions of CeO 2 particles grow rapidly. This is because the particles were near to each other. After the fast growth stage, the particles grow gently until 70,000 time steps; since grown particles were already separated in distance from each other. After 70,000 time steps, the dimensions of the particles increased rapidly. This result indicates that the aggregation happened between those large particles.
Comparing the simulated dimension of the CeO 2 particles with the experimental measured size from XRD measurement, [16] [17] [18] [19] we found that the sizes of CeO 2 particles formed within 30,000 time steps are very close to the measured sizes of CeO 2 single crystal. 16, 18, 19 Therefore the particles formed within 30,000 time steps have not finished the nuclei growth. After this point, further nucleation occurred between particles, and this stage can be classified as nuclei growth stage. The size of particle increased gently when the simulation time extend from within 30,000 to 70,000 time steps, which indicated that the CeO 2 crystals formed in alcohol aqueous solutions were stable in a certain period. This stage can be classified as stabilization stage. The size of particles after 70,000 steps is much larger than that of single crystal from XRD results. This stage can be classified as aggregation stage. Our simulation shows that the growth of CeO 2 particle in the alcohol aqueous solutions undergoes different stages.
Effect of Alcohol Type in Alcohol Aqueous Solutions
The dimension of particles formed at different simulation time also depends on the type of alcohol as shown in Fig.  2 . The size of CeO 2 particle are in the order t-BuOH(aq) > i-PrOH(aq) > EtOH(aq) > or ≈ MeOH(aq) when the simulation time less than 30,000 time steps (in nuclei growth stage), which is almost inversely proportional to the ε values of alcohol solutions. The trend is quite consistent with the results reported by both Hu et al. 21 and Chen et al. 16 They studied the relationship between incubation time and average hydrodynamic diameter of zirconia particles in different alcohol(aq) solutions at equal concentrations of alcohol and water (50 vol.%), and found that the nucleation rate of zironia particles in different alcohol solutions were in the order i-PrOH(aq) > EtOH(aq) > MeOH(aq) after the initial induction stage. Therefore, we can deduce that the particle growth was controlled by electrostatic repulsion between particles in this stage because the particle dimension Qi Zhang, Jing Zhong, Bao-Zhu Yang, Wei-Qiu Huang, Ruo-Yu Chen, Jun-Min Liao, Chi-Ruei Gu, and Cheng-Lung Chen was inversely proportional to the ε values of alcohol solutions.
In the range of 30,000 to 70,000 time steps (crystal stabilization stage), we found that the dimension of CeO 2 particles grows gently independent of type of alcohol. This indicated that electrostatic repulsion between particles still dominant the forming of particles in the crystal stabilization stage.
When simulation time is more than 70,000 time steps (crystal aggregation stage), the order of particle size changed abruptly, which decreases as following sequence: MeOH(aq) > i-PrOH(aq)> EtOH(aq) > t-BuOH(aq). This indicates that the mechanism of particle formation changed in this stage. Within this range the order of particle size is almost directly proportional to the ε values of alcohol(aq) solutions except the EtOH(aq), which indicated that the crystal growth of CeO 2 was controlled by the supersaturation of CeO 2 in the solutions according to the nucleation thermodynamic theory. The order of particle size obtained in our simulation is quite consist with the experimental results reported by Chen et al. at the same experimental conditions, 16 but the simulated particle sizes are slightly larger than the reported values, which perhaps due to the vigorous stirring in the experiments inhibiting the aggregation of CeO 2 particles.
The consistency of simulation results with the experimental results in monohydric alcohol(aq) solutions indicates that DPD simulation can describe the sequential forming process of CeO 2 nanoparticle, including nuclei growth, crystal stabilization and crystal aggregation stages. We can also infer that the growth of particle at the nuclei growth and crystal stabilization stages was controlled by electronic repulsion between particles, which can be described by DLVO theory; and the growth of particle at the crystal aggregation stage was controlled by the supersaturation of CeO 2 in the solutions, which can be described by nucleation thermodynamics theory. In other words, the nuclei growth and crystal repairing is faster for molecules in solvents with lower ε values, and the crystal aggregation is slower for particle in solvents with lower ε value. The two mechanisms are effective in the whole particle growth process and compete with each other.
Effect of Alcohol Content in Alcohol Solutions
The ε value of solvents can be adjusted by changing the content of alcohol in the alcohol(aq) solutions. The addition of alcohol into water would decrease the ε value and the dissolvent ability of solvents. The solution is therefore supersaturated and capable of producing finer particle.
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On the other hand the electrostatic repulsion between particles would decreases with the decreasing of the ε value, which leads to form larger CeO 2 particles. Chen et al. 16 and Li et al. 18 reported the effect of alcohol/water ratio on the dimension of CeO 2 particle in separated works. Chen et al. found that the dimension of particle decreases with the increasing of alcohol/water ratio.
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While Li et al. found a minimum value in particle dimension during the increasing of EtOH(aq) ratio.
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The effect of alcohol/water ratio on the dimension of CeO 2 nanoparticle by DPD at 50 ºC was studied, and the results are shown in Figs. 3-5. Fig. 3 gives the size of particles formed after 30 000 simulation steps. We found that the effect of alcohol/water ratio on the dimension of CeO 2 particle was varied with the alcohol type used in solutions. The general trend, except EtOH(aq), is the size of CeO 2 particle decreases with the increasing of alcohol/ water ratio, but the change details are different for different solvents. For the particles formed in MeOH(aq) and t-BuOH(aq), the change trends of particle sizes are almost consistent when the alcohol content in solutions raised from 20 vol.% to 50 vol.%, then decreased when the alcohol content larger than 50 vol.% after 30,000 time steps simulation. This indicates that the effect of electrostatic repulsion and that of supersaturation of CeO 2 reach equilibrium when the alcohol content was in the range of 20 vol.% to 50 vol.%, but the effect of supersaturation of CeO 2 become dominant when the alcohol content in solutions larger than 50 vol.%. In i-PrOH(aq), the particle dimension decreases with the increasing of alcohol content in the range of 20% to 50%, and slightly increases in the range of 50 vol.% -67 vol.%, then drop obviously in the range of 67-80 vol.% after 30,000 time steps simulation. This indicates that the supersaturation of CeO 2 almost dominate the whole process. The effect of electrostatic repulsion was only significant within the range of 50 vol.% to 67vol.% alcohol content. In the EtOH(aq), there existed a minimum point in the curve of particle dimension vs. the alcohol content. Therefore, the supersaturation of CeO 2 control the forming of particles in the initial particle forming stage, then the electrostatic repulsion become dominant when the alcohol content was larger than 67 vol.%. This trend is as same as reported by Li et al. 19 and confirmed that our simulation can reproduce the effect of alcohol content in alcohol(aq) solutions on the particle dimension.
When the simulation time extend to 50,000 time steps, the sizes of particles formed in MeOH(aq) and t-BuOH(aq) become larger when the alcohol content in alcohol(aq) solutions raised from 20 vol.% to 50 vol.% as shown in Fig. 4 . This indicates that the equilibrium between electrostatic repulsion and supersaturation of CeO 2 at 30,000 time steps was shifted and the electrostatic repulsion became dominant. For other alcohols and alcohol content, the relationship between particle size and alcohol content in alcohol(aq) solutions is almost unchanged though the particle size increase when the simulation steps prolonged to 50,000 steps, This indicates that the influence of alcohol content on the particle size is similar for nuclei growth stage and crystal stabilization stage.
The change of particle dimension with alcohol content in alcohol(aq) solutions after 100,000 time steps is different with those after 30,000 time steps and 50,000 time steps as shown in Fig. 5 . There exists the minimum or maximum point for almost all the alcohol(aq) solutions studied in our simulation, which indicates that electrostatic repulsion force and supersaturation of CeO 2 still compete with each other and one of these two factors controls the aggregation.
The effect of alcohol content in alcohol(aq) solutions on the particle dimension shows some irregular phenomena because electrostatic repulsion forces and supersaturation of CeO 2 in solution competed with each other in different alcohol solutions. The trend of nanoparticle in the crystal forming stage can not be predicted by any simple theory. Our DPD simulation, however, can reproduce the experimental results on the dimension of CeO 2 nanoparticle. The method is adequate to investigate such problems.
Effect of Precipitation Temperature
The increase of temperature would decrease the ε value of alcohol, 21 and increase the supersaturation of CeO 2 . Therefore temperature increasing would decrease the size of the nanoparticle. So the simulation in nuclei growth stage (less than 30,000 time steps) was investigated in this part.
The dimension of CeO 2 particle decreases when the simulation temperature increased from 50 ºC to 75 ºC in alcohol(aq) solutions with 50 vol.% alcohol as shown in Fig. 6 , which consisted with the rule deduced from the relationship between supersaturation and temperature. The other interesting phenomenon occurred with the increasing of temperature is that the relationship between particle size and different alcohol solutions. The order of particle size changed from t-BuOH(aq) > i-PrOH(aq) > EtOH(aq) > MeOH(aq) to i-PrOH(aq) > MeOH(aq) > EtOH(aq) ≈ t-BuOH(aq) with the increasing of temperature. This indicated that supersaturation of CeO 2 also became important for particle growth. This phenomenon become obviously at 75 ºC and alcohol/water = 75 vol%. The dimension of particle shows a maximum value in i-PrOH(aq) at 75 ºC and i-PrOH(aq) = 75 vol%, which consisted with the Qi Zhang, Jing Zhong, Bao-Zhu Yang, Wei-Qiu Huang, Ruo-Yu Chen, Jun-Min Liao, Chi-Ruei Gu, and Cheng-Lung Chen experimental results reported by Li et al. 19 at the same experimental conditions. This consistency confirmed that our DPD simulation can correctly reproduced experimental results at different temperature.
The effect of alcohol content in the alcohol(aq) solutions on the particle size is also investigated at 75 ºC. After 30,000 time step, the dimension of particles formed in MeOH(aq) decreases when the alcohol content increased from 50 vol.% to 75 vol%; increases slightly in EtOH(aq), and increases markedly in i-PrOH(aq); but decreases in t-BuOH(aq). The irregular trends is similar with the phenomena observed at 50 ºC, and can be explained by the competition between electrostatic repulsion force and the supersaturation of CeO 2 in solutions which influence the particle dimension contrarily. The detail in mechanism need further study.
CONCLUSION
DPD simulation was carried out to investigate the forming process of CeO 2 nanoparticle in alcohol(aq) solutions. The formation can be divided into nuclei growth, crystal stabilization and crystal aggregation, which can be observed by collecting the simulation results at different simulation time. The nuclei growth stage within the range of less than 30,000 time simuation steps, and the particles grew rapidly in this stage; crystal stabilization stage is within the range of 30,000 and 50,000 simulation time steps, and the size of particle remains unchange in this stage; particle aggregation is within the range after 50,000 simulation time steps, the particles further aggregate and the dimension of particles was larger than that of single crystal.
The dimension of CeO 2 nanoparticle is inversely proportional to the ε value of alcohol(aq) solutions, and electrostatic repulsion force between particles controls the forming process when the CeO 2 nanoparticle is in the nuclei growth stage; and that would change to be directly proportional to the ε value of alcohol(aq) solutions and the supersaturation of CeO 2 in solutions controls the forming process when the CeO 2 nanoparticle has entered into the crystal aggregation stage. The precipitation kinetics is faster for molecules in solvents with lower ε values, and the crystal aggregation kinetics is slower for particle in solvents with lower ε value. The particle dimension decreases with the increasing of alcohol content in alcohol(aq) solutions and temperature when the particles were in the nuclei growth stage. The effect of alcohol content in alcohol(aq) solutions on the CeO 2 particle dimension is irregular because the two actions − electrostatic repulsion force between particles and the supersaturation of CeO 2 in solutions would compete with each other during the change of alcohol content and influence the particle dimension contrarily.
The simulation results produce from different type and content of alcohol in alcohol(aq) solutions, and different temperatures consist with the experimental data obtained at same conditions. Our work has demonstrated that DPD methods can be applied to the study of nanoparticle forming process.
